Relative contributions of two functional properties, viscosity and fermentability of dietary fibre, on apparent ileal digestibility (AID), apparent total tract digestibility (ATTD), digesta passage rate, N retention and SCFA concentration have not been established. Thus, eight ileal-cannulated pigs randomised in a double 4 £ 4 Latin square were fed four diets based on maize starch and casein supplemented with 5 % of actual fibre in a 2 £ 2 factorial arrangement: low-fermentable, low-viscous cellulose (CEL); low-fermentable, high-viscous carboxymethylcellulose (CMC); high-fermentable, low-viscous oat b-glucan (LBG); high-fermentable, high-viscous oat b-glucan (HBG). Viscosity and fermentability interacted to affect (P, 0·001) digesta viscosity and AID and ATTD of nutrients. These properties tended to interact to affect (P,0·10) digesta passage rate and butyrate. Pigs fed the CMC diet had the lowest (P,0·05) digesta passage rate and the highest (P,0·001) AID of energy, crude protein and DM, and ATTD of energy and DM. Post-ileal DM digestibility was highest (P,0·001) for pigs fed the CEL and HBG diets. Post-ileal DM digestibility had a negative, curvilinear relationship with the AID of energy and crude protein (R 2 0·85 and 0·72, respectively; P,0·001). Digesta viscosity had a less strong relationship with the AID of energy and crude protein (R 2 0·45 and 0·36, respectively; P,0·001). In conclusion, high-viscous, low-fermentable dietary fibre increases the proportion of a diet that is digested in the small intestine by reducing digesta passage rate.
Dietary fibre is an important component of dietary ingredients but is not digested by porcine digestive enzymes. Dietary fibre may be fermented, mostly in the large intestine, and may reduce the digestibility of other macronutrients (1) . The physiological effects of dietary fibre are attributable to two functional properties, viscosity and fermentability (2) . Viscous fibre binds water, increases digesta viscosity, modifies digesta passage rate and thereby reduces nutrient digestibility in the small intestine (3, 4) . Fermentable fibre contributes a major part of the non-digested nutrients that pass into the large intestine and are fermented by microbial populations, thereby producing SCFA (5) .
The effects of types of dietary fibre on nutrient digestibility have been linked to structural characteristics and solubility of fibre (4, 6, 7) . However, the role and specific contributions of viscosity and fermentability are largely unknown. Moreover, most studies investigating the role of fibre are based on feeding fibre-rich ingredients containing fibre as part of intact plant cell wall; therefore, specific effects of functional properties or structural effects cannot be differentiated (8) . Thus, the concept of feeding purified fibre fractions with semi-purified diets was adopted to study specific contributions of viscosity and fermentability and their possible interactions. However, results with isolated fibre ingredients should be extrapolated carefully to natural fibre feed ingredients.
The hypothesis of the present study was that viscosity and fermentability of fibre independently affect digesta characteristics and nutrient digestibility in pigs. The objectives were to understand the independent and interactive effects of the two functional properties of dietary fibre in semi-purified diets on nutrient digestibility, digesta characteristics, passage rate, SCFA concentration and N retention in ileal-cannulated grower pigs.
Materials and methods

Animals and diets
The animal protocol was approved by the Animal Care Committee of the University of Alberta and followed the guidelines † Present address: Research Unit Nutritional Physiology 'Oskar Kellner', Leibniz-Institute for Farm Animal Biology, 18196 Dummerstorf, Germany. established by the Canadian Council on Animal Care (9) . The animal experiment was conducted at the Swine Research and Technology Centre at the University of Alberta (Edmonton, AB, Canada).
A total of eight crossbred barrows (initial body weight, 20 -25 kg; Duroc £ Large White/Landrace; Hypor, Inc., Regina, SK, Canada) were moved 1 week before surgery into individual metabolism pens (1·2 £ 1·2 m). Each pen was equipped with a single-space feeder and a low-pressure bowl drinker. Pigs were surgically modified with a T-cannula at the distal ileum. At 10 d post-surgery, eight pigs were randomly assigned to one of the four experimental diets according to a double 4 £ 4 Latin square design. The daily feed allowance was adjusted to 3 £ maintenance of energy (3 £ 460·2 kJ DE/kg body weight 0·75 ) (10) and was fed as mash in two equal meals at 08.00 and 16.00 hours with free access to water.
The four semi-purified experimental diets were based on maize starch, casein and rapeseed oil ( Table 1 ). Diets contained 5 % of actual dietary fibre corrected for impurities, from four sources differing in viscosity and fermentability: low-fermentable, low-viscous cellulose (CEL, TIC Pretested w TICACEL 100 cellulose powder; TIC Gums, Inc., White Marsh, MD, USA); low-fermentable, high-viscous carboxymethylcellulose (CMC, TIC Pretested w CMC 6000 fine powder; TIC Gums, Inc.); high-fermentable, low-viscous oat b-glucan (LBG, Oat Vantage w ; GTC Nutrition, Golden, CO, USA); high-fermentable, high-viscous oat b-glucan (HBG, Viscofiber w ; Cevena Bioproducts, Edmonton, AB, Canada). The LBG diet had a lower molecular weight than the HBG diet (81 000 v. 1 100 000 Da). High-and low-viscous dietary fibre were selected based on in vitro viscosity measurements (11) . High-and low-fermentable dietary fibre were selected based on in vitro gas production measurements (12) . Diets were fortified with vitamin and mineral to meet or exceed the nutrient requirements of pigs (10) . TiO 2 was included in the diets as an indigestible marker.
Experimental procedure
Each 17 d experimental period consisted of a 10 d of acclimatisation to diets, followed by a 3 d collection of faeces and urine samples and a 4 d collection of ileal digesta. Faeces were collected from 08.00 to 16.00 hours after attaching bags to rings glued around the anus (13) . Urine was collected in buckets containing 25 ml of concentrated H 2 SO 4 for 24 h, and weighed and pooled for 3 d. For digestibility measurements, Ileal digesta were collected from 08.00 to 16.00 hours into plastic bags (10 cm in length and 4 cm in diameter) containing 8 ml of 10 % (v/v) formic acid to minimise bacterial fermentation. Every third bag of digesta was collected without 
formic acid for SCFA analyses. The bags were removed when filled approximately 70 % with digesta and immediately frozen at 2208C. For digesta passage rate, on day 7 of collection, 40 ml of a liquid marker (Cr-EDTA) and 1 g of a solid marker (Yb 2 O 3 ) were mixed into the morning single meal. The meal was fed, and digesta were collected at 90, 180, 270, 360, 540 and 720 min after feed consumption (14) . The collected faeces, urine and digesta were pooled by pig observation and immediately frozen at 2 208C. Faeces and digesta were homogenised, subsampled, freeze-dried and ground finely over a 0·5 mm screen in a centrifugal mill (model ZM1, Retsch; Brinkman Instruments, Rexdale, ON, Canada).
Chemical analyses
In vitro viscosity of diets and fibre sources was determined in a 0·5 % solution using a rheometer (UDS 200; Paar Physica, Glenn, VA, USA) at a shear rate of 12·9/s and a temperature of 208C (11) . In vitro gas production of diets was determined for 12 h by an in vitro gas production technique (12) . Diets, digesta and faeces were analysed in duplicate for DM, gross energy, starch, crude protein, diethyl ether extract, amino acids (AA) and total dietary fibre (soluble, insoluble and total). DM was analysed by drying at 1358C in an airflowtype oven for 2 h (method 930.15) (15) , gross energy using an adiabatic bomb calorimeter (model 5003; Ika-Werke GMBH & Company KG, Staufen, Germany), crude protein by oxidation (N £ 6·25, FP-428 N determinator; Leco Corporation, St Joseph, MI, USA), ash (method 9420.5) (15) and diethyl ether extract using a Goldfish Extraction apparatus with diethyl ether as the solvent (method 920.39) (15) . The AA in digesta and feed were analysed by ion-exchange chromatography (16) . Total starch, total dietary fibre and mixed linked b-glucan were analysed using kits (Megazyme International Ireland Limited, Bray, Ireland) based on enzymatic analysis (methods 996. 11, 2002 .02, 985.29 and 995.16, respectively) (15) . TiO 2 was analysed using a spectrophotometer (method 540.91) (15) . Fresh faecal and digesta samples were analysed for DM (method 930.15) (15) and SCFA by GC with 4-methyl valeric acid as the internal standard (16) . Digesta samples were analysed for pH (Accumet Basic AB15; Fischer Scientific, Fairlawn, NJ, USA). Digesta viscosity was measured using a DV-I Viscometer with a cylindrical sample chamber and a SC4-18 spindle at 100, 50, 20, 10 and 5 rpm (Brookfield, Middleboro, MA, USA). Digesta samples were incubated at 808C for 10 min, cooled to 378C and centrifuged at 3000 rpm for 10 min, and, subsequently, viscosity of the supernatant was measured. Viscosity values were converted to a log scale to reach a normal distribution. Cr-EDTA and Yb 2 O 3 were analysed using an atomic absorption spectrometer (Varian SpectAA 240 FS; Agilent Technologies Canada Inc., Mississauga, ON, Canada) by a standard procedure (17) . Urinary N was analysed using the Kjeldahl method (method 968.06) (15) .
Calculations
The apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) of DM, crude protein, AA, ash, starch and energy were calculated using the TiO 2 concentration of feed, digesta and faeces. Post-ileal DM digestibility was calculated as the difference between the ATTD and AID of DM. Digesta passage rate was calculated from the linear relationship following the first-order kinetics as described by the equation log Y ¼ a 2 bX, where Y is the log of Yb 2 O 3 concentration (mg Yb 2 O 3 /kg DM) and X is the time (h), and thus the slope (b) of the line is the rate constant that describes the digesta passage rate (18) . The marker excretion per hour was calculated using the equation (19) :
Statistical analyses
To compare differences among diets, data were subjected to ANOVA using the mixed procedure (SAS Institute Inc., Cary, NC, USA). The fixed effect of the diet (n 4) and the random effect of the experimental period (n 4) and pigs (n 8) were included in the main model. The pig was used as the experimental unit, and values are reported as least-square means. Specific effects of viscosity and fermentability and their interaction were analysed using contrast statements. If viscosity and fermentability interacted (P,0·10), means were separated using the probability of difference. Differences were considered significant if P,0·05 and were described as tendencies if 0·05 # P, 0·10. Principal component (PC) analysis was performed using multivariate analysis (JMP software, version 8.0.1; SAS Institute Inc.), and the loading plot was used to determine correlations among individual variables of the first two eigenvalues (i.e. PC 1 and 2). The relationship between the AID of energy, crude protein and ash with post-ileal DM digestibility (fermentability) and viscosity was analysed using weighted linear and non-linear regression analysis (PROC REG; SAS Institute Inc.), with predicted values of the dependent variable adjusted for period and pig effects (20) .
Results
Pigs and diets
All pigs remained healthy throughout the experiment. The starch content differed slightly among diets ( Table 2) . Total dietary fibre content was mostly insoluble for the CEL diet and mostly soluble for the CMC and LBG diets. In contrast, the HBG diet contained equal insoluble and soluble total dietary fibre. The crude protein and AA content was higher in the LBG and HBG diets, because the two oat b-glucan concentrates contained some crude protein. Similarly, the gross energy content was higher in the LBG and HBG diets, which could be related to the fat impurities in the b-glucan concentrates. Diets met the minimum requirements of nutrients for pigs of that body-weight group.
Average daily gain, digesta characteristics and nitrogen balance
Viscosity and fermentability interacted ( Table 3 ; P,0·001) to change the average daily gain (ADG) of pigs; specifically, pigs fed the CMC diet had a 38 % lower (P, 0·05) ADG than pigs fed the other three fibre sources. Viscosity and fermentability did not affect the pH of ileal digesta. Viscosity and fermentability interacted to change (Table 3 ; P,0·001) digesta viscosity (including its liquid fraction; data not shown) and DM content of digesta and faeces. Pigs fed the CMC diet had the highest (P, 0·05) digesta viscosity followed by the HBG and LBG diets, whereas pigs fed the CEL diet had the lowest (P, 0·05) digesta viscosity. The DM content of fresh digesta was highest (P, 0·05) for pigs fed the CEL diet, followed by the LBG and HBG diets, and was lowest (P, 0·05) for pigs fed the CMC diet. The DM content of fresh faeces was half (P, 0·05) for pigs fed the CMC diet than that for pigs fed the other three fibre sources.
Total N intake tended to be higher (Table 3 ; P, 0·10) after feeding high-than low-viscous fibre sources. Viscosity and fermentability interacted (P, 0·05) to affect faecal N loss; specifically, pigs fed the CMC diet had lower (P, 0·05) faecal N than those fed the CEL and HBG diets. Viscosity and fermentability did not affect urinary N loss and retention. Viscosity and fermentability tended to interact (P, 0·10) to affect the faecal:urinary N ratio. Pigs fed the CMC diet had a lower faecal:urinary N ratio (P, 0·05) than those fed the HBG diet.
Digesta kinetics
Viscosity and fermentability tended to interact (Table 4 ; P,0·10) to affect digesta passage rate. The regression equations obtained for digesta passage rate had an R 2 value of 0·80, 0·73, 0·73 and 0·77 for the CEL, CMC, LBG and HBG diets, respectively. The feeding of the CMC diet reduced (P, 0·05) digesta passage rate by 66 % compared with that of the other three fibre sources (Table 4 ). 
Apparent ileal, total tract and post-ileal nutrient digestibility
Viscosity and fermentability of fibre interacted to affect the AID of nutrients (Table 5 ; P,0·001). The AID of crude protein, DM and ash were highest (P, 0·05) for pigs fed the CMC diet, intermediate for pigs fed the LBG diet and lowest (P,0·05) for pigs fed the CEL and HBG diets. The AID of energy was 10 -12 % units higher (P,0·05) in pigs fed the CMC diet than those fed the other three fibre sources, and digestible energy content followed a similar pattern.
Viscosity and fermentability of fibre interacted to affect ( Table 5 ; P,0·001) the ATTD of nutrients. The ATTD of ash was higher (P, 0·05) for pigs fed the CMC diet than those fed the other three fibre sources. The ATTD of crude protein was highest (P,0·05) for pigs fed the CMC diet and lowest (P,0·05) for pigs fed the HBG diet. The ATTD of DM and energy were highest (P,0·05) for pigs fed the LBG diet and lowest (P, 0·05) for pigs fed the CEL diet.
Post-ileal ash digestibility, expressed as percentage of intake, was lower (P,0·05) for pigs fed viscous fibre. Viscosity and fermentability tended to interact (P, 0·1) to affect the post-ileal digestibility of crude protein and was highest (P,0·05) for pigs fed the CEL diet and lowest (P, 0·05) for pigs fed the CMC diet. Similarly, viscosity and fermentability interacted (P,0·05) to affect the post-ileal digestibility of DM and energy and was lower (P, 0·05) for pigs fed the CMC diet than those fed the other three fibre sources.
Post-ileal digestibility of ash as percentage of entering the caecum was affected by both viscosity (P,0·05) and fermentability (P, 0·05). Viscosity and fermentability interacted (P,0·05) to affect the post-ileal digestibility of DM and energy and was lower (P, 0·05) for pigs fed the CMC diet than those fed the other three fibre sources ( Table 5 ).
Apparent ileal amino acid digestibility
Viscosity and fermentability interacted ( Table 6 ; P, 0·01) to change the AID of all indispensable and dispensable AA; specifically, pigs fed the CMC diet had higher (P,0·05) AID than those fed the other three fibre sources. Among the indispensable AA, pigs fed the CMC diet had the highest (P,0·05) AID of isoleucine, lysine, methionine, threonine and valine, and pigs fed the CMC and LBG diets had the highest (P, 0·05) AID for arginine, leucine and phenylalanine. Pigs fed the HBG diet had the lowest (P,0·05) AID of arginine, histidine, lysine and methionine, and pigs fed the CEL and HBG diets had the lowest (P, 0·05) AID for isoleucine, leucine, phenylalanine, threonine and valine.
Digesta SCFA
High-fermentable fibre sources reduced ( Table 7 ; P, 0·05) digesta acetate by 33 % and tended to reduce (P,0·10) digesta total SCFA by 32 %. High-viscous non-starch polysaccharide sources tended to reduce (P, 0·10) propionate by 50 %. Pigs fed the CEL diet had a higher (P,0·05) butyrate, isobutyrate and isovalerate than those fed the other three fibre sources. High-viscous fibre sources increased (P, 0·05) digesta L-lactate and total lactate.
Principal component analysis
The PC analysis of AID of DM, digesta total SCFA, digesta viscosity and passage rate, and ADG is shown as a loading plot (Fig. 1) . The plot revealed two clusters: a first cluster including digesta total SCFA, digesta passage rate and ADG that was affected by PC 1, and the second cluster including AID of DM and digesta viscosity that was affected by PC 2. Variables within a cluster were positively correlated. The two clusters were correlated negatively, because the angle between the two clusters exceeded 908. Thus, the AID of DM was related positively to ileal digesta viscosity, whereas digesta total SCFA were related positively to digesta passage rate.
Relationship between fermentability and viscosity with nutrient digestibility
Post-ileal DM digestibility was related strongly, inversely and curvilinearly (R 2 0·85, 0·72, 0·73, respectively; Fig. 2 ; P, 0·001) to the AID of energy, crude protein and ash. Instead, digesta viscosity was not related strongly (R 2 0·45, 0·36, 0·36, respectively; Fig. 3 ; P, 0·001) to the AID of energy, crude protein and ash.
Discussion
The effects of dietary fibre on nutrient digestibility are well known; however, a dearth of studies explains the role of the two functional properties of fibre, i.e. viscosity and fermentability, and their interactions on nutrient digestibility. Viscosity as related to dietary fibre refers to the ability to thicken or form gels when mixed with fluids resulting from physical entanglements among the fibre within the fluid (2) . Increased digesta viscosity after feeding soluble fibre such as guar gum, rye and pectin decreased nutrient digestibility in pigs (1, 7) . In contrast, very-high-viscous carboxymethylcellulose improved crude protein digestibility in weaned pigs (21) . The fibre is not digested by porcine enzymes but is instead fermented by the microbial community in the distal small and large intestine. The amount of viscosity may have an impact on the amount of fermentation, because non-viscous fibre may increase digesta passage rate and reduce small-intestinal digestibility, and thus partly shifts enzymatic digestion to microbial fermentation (1) . Similarly, an interaction of viscosity and fermentability affected most of the variables related to digestion and digesta characteristics.
The present study was designed to study the effects of functional properties of dietary fibre using semi-purified diets supplemented with concentrated fibre sources. The selected fibre sources were glucose polymers with b-linkages, and their functional properties were assessed using in vitro viscosity and gas production measurements. However, we acknowledge that factors other than these two properties, e.g. differences in chemical structure, use of naturally extracted (oat b-glucan and cellulose) v. chemically modified cellulose sources such as CMC, might have contributed to the physiological effects observed in the present study (22) .
In the present study, the interaction of viscosity and fermentability affected ADG and digesta characteristics. The ADG was lowest for pigs fed the CMC diet compared with pigs fed the other three fibre diets. The watery digesta and faeces for pigs fed the CMC diet indicated less water retention and the onset of diarrhoea, similar to the observation with weaned pigs fed a CMC diet or pearled barley (23 -25) , and the watery digesta was related to high digesta viscosity. The high digesta viscosity by inclusion of CMC in diets slows digesta passage rate and thereby creates a favourable environment for the proliferation of microbial pathogens (26) . Indeed, in the present study, pigs fed the CMC diet had an increased prevalence of Escherichia coli virulence factors in digesta (27) . In this context, CMC may bind with the intestinal mucus layer and change its composition to facilitate the binding of E. coli to the intestinal mucus (28) . Inclusion of CMC in broiler chick diets reduced Na and water retention that could further explain the diarrhoea caused by CMC (29) . Thus, the present study indicated a strong association between digesta viscosity and reduced body-weight gain. Viscosity and fermentability of fibre interacted to modify digesta viscosity. Dietary CMC caused high digesta viscosity in swine (30) and poultry (31) , which was related to the high solubility of CMC (27) . The high in vivo viscosity matched perfectly with the high in vitro viscosity, and thus appeared to confirm the paradigm that a high-viscosity diet results in high digesta viscosity (2) . Indeed, pigs fed the HBG diet with high in vitro viscosity also had high digesta viscosity, similar to that observed in studies with rats (32) . However, in spite of low in vitro diet viscosity, pigs fed the LBG diet had the same digesta viscosity as pigs fed the HBG diet. The high in vivo viscosity for the LBG diet might be due to linkages of starch fragments to b-glucan (33) or different patterns of degradation between b-glucan sources in the small intestine (34) . The exact location and mechanism in the gastrointestinal tract for the equalisation of digesta viscosity between LBG and HBG requires further analysis but points to in vitro viscosity not being entirely dependable to predict in vivo viscosity.
Changes in the physical properties of digesta, i.e. viscosity, affected digesta passage rate and thereby nutrient digestibility (35) . Specifically, high-viscous CMC reduced digesta passage rate similar to pigs fed soluble fibre that increased digesta viscosity and decreased digesta passage rate (1, 5) . When pigs were fed diets containing CMC, increased digesta viscosity can reduce passage rate by reducing the gastric emptying rate (24) . Effects of soluble or insoluble fibre on digesta passage rate are not consistent among studies. For example, soluble fibre did not alter digesta passage rate in pigs (36, 37) as observed in the present study, where digesta viscosity of pigs fed diets containing HBG and LBG was not high enough to reduce the digesta passage rate that thus remained comparable with pigs fed the low-viscous CEL diet. Dietary fibre may increase the peristaltic action of the intestine (22) or increase the digesta bulk (38) that might compensate the effects of digesta viscosity on digesta passage rate. In the present study, PC analysis indicated that reduced digesta passage rate was positively correlated with nutrient digestibility, thereby confirming the paradigm that slow digesta passage rate leads to more time for enzymatic digestion, thereby improving digestibility (21) . This proposed mechanism increased AID of crude protein and AA in pigs fed highviscous CMC. In contrast to pigs fed the CMC diet, pigs fed the CEL diet as an insoluble fibre had a higher digesta passage rate and a lower mean retention time in the ileum (14) . Thus, the CEL diet decreased the contact time between digestive enzymes and substrates, thereby explaining the lower DM and crude protein digestibility in pigs fed the CEL diet (1) . In pigs fed the HBG and LBG diets, the higher digesta passage rate probably caused lower AID of crude protein and energy compared with pigs fed the CMC diet. Moreover, high digesta viscosity may increase endogenous N secretion that may also contribute to a reduced AID of crude protein as observed for pigs fed the HBG diet (39) . Finally, digesta viscosity might have caused changes in gut motility and mixing of digesta and thus lower nutrient digestibility (24) .
The results for ash digestibility were unique in the present study. The ATTD of ash was negative after feeding the fibre sources except for CMC, similar to recent findings in sows (7) . The negative digestibility could be due to endogenous secretion of minerals (40) or due to increased mineral requirements for microbial activity (41) . The positive ATTD of ash values with high-viscous CMC could be due to the decreased digesta passage rate, which in turn increased digestion and absorption in the small intestine (42) . In contrast, the HBG and LBG diets increased fermentation, and thus more microbial mass and more secretion of minerals for microbial requirements (41) . Finally, CEL as an insoluble dietary fibre may damage the mucosa by mechanical abrasion and thus inhibit transcellular carrier-mediated mineral absorption (43) .
Feeding fibre to pigs is a strategy to shift the excretion of N from urine to faeces (44) . Dietary fermentable fibre increases intestinal microbial populations that require N for their protein synthesis, and thereby reduces N absorption by the pig or stimulates a N flux from the pig into its intestine, thus effectively reducing the excretion of excess N in urine (45) . In the present study, fermentable fibre caused a trend to increase the ratio of faecal:urinary N, indicating a shift of N from urine to faeces, similar to that observed in previous studies (46) , but with a major contribution of CMC to reduce faecal N loss. However, fermentable fibre did not cause a shift as strong in the present study, because highly digestible protein ingredients were fed and the supply of AA matched their requirements well so that less excess N was available to be shifted to N excretion in the faeces.
The presence of SCFA in digesta indicated that the intestinal microflora did start fermentation of purified fibre sources by the end of the ileum, similar to that observed in studies with grower pigs (47) and sows (7) . The fermentation of these sources continued in the large intestine (27) . Post-ileal DM digestibility, an indicator of fermentation (48) , did not differ among pigs fed the CEL, LBG and HBG diets. The inverse relationship between post-ileal DM digestibility and AID of energy indicated that the DM not digested in the small intestine was fermented in the large intestine. The lower digesta passage rate in pigs fed the CMC diet reduced the flow of DM into the large intestine for fermentation. The PC analysis confirmed this proposed mechanism, because digesta SCFA were positively correlated with digesta passage rate and negatively with nutrient digestibility. Interestingly, the interaction of viscosity and fermentability affected digesta butyrate, which was higher in the digesta of pigs fed diets containing CEL. Higher digesta butyrate may be beneficial for the intestinal health, because butyrate is the preferred source of energy for colonocytes and prevents colon cancer (49) . Furthermore, increased digesta lactate in pigs fed the CMC and HBG diets supported that intestinal absorption and bacterial utilisation of lactate (50) can be markedly impaired by higher digesta viscosity in the upper gastrointestinal tract (22) .
In conclusion, pigs fed a high-viscous CMC diet had the highest AID of nutrients, by slowing down the rate of digesta passage. In contrast, faster digesta passage reduced the AID of nutrients in pigs fed the CEL diet compared with pigs fed the CMC diet, thereby increased nutrient flow into the large intestine so that part of the nutrients that would normally be digested were instead fermented. Thus, negative effects of dietary fibre on digesta characteristics and nutrient digestibility are affected by interactions of viscosity and fermentability via digesta viscosity and digesta passage rate.
